Background: Current guidelines use differing definitions of vitamin D deficiency based on serum 25-hydroxyvitamin D (25OHD) levels, which complicates clinical decision making on vitamin D doses used for the prevention and treatment. This study examined the natural relationship between serum 25OHD, parathyroid hormone (PTH), calcium, phosphate, and alkaline phosphatase. Methods: Two-hundred and fourteen children routinely admitted without conditions affecting the natural relationship among metabolites, including 17 with radiologically confirmed vitamin D deficiency rickets, were studied. The frequency of abnormal bone metabolites was examined for different 25OHD thresholds. results: The best fitting intersection point where PTH levels increased was a 25OHD level of 34 nmol/l (R 2 = 0.454; 95% confidence interval: 27-41 nmol/l). Seventy-three and 86% of the children demonstrated some biochemical abnormality below 25OHD levels of 41 and 27 nmol/l, respectively. All patients with rickets had 25OHD levels < 34 nmol/l. The vast majority of children with abnormal bone metabolites had 25OHD levels < 34 nmol/l and PTH levels > 50 ng/l. conclusion: Vitamin D deficiency, based on PTH elevation, was best defined by a 25OHD level of < 34 nmol/l. Because deficient calcium supply often coexists with vitamin D deficiency and both can independently cause nutritional rickets, a threshold for the skeletal effects of vitamin D should not be based purely on 25OHD levels.
V
itamin D deficiency and its potential health implications are currently the subject of significant interest and controversy (1) (2) (3) (4) (5) (6) . However, what defines vitamin D deficiency is still under debate, in particular, in children, where studies are limited. The serum level of 25-hydroxyvitamin D (25OHD) is currently considered to be the most appropriate marker of the vitamin D status of an individual. Until recently, the conventional definition of vitamin D deficiency was a serum 25OHD level of < 25 nmol/l (<10 ng/ml) (7) (8) (9) as this level was associated with rickets or osteomalacia. However, the Pediatric Endocrine Society advocated a 25OHD level of < 37.5 nmol/l (<15 ng/ml) to define deficiency and < 50 nmol/l (20 ng/ml) to define insufficiency (10) . More recently, the Institute of Medicine defined vitamin D sufficiency as a 25OHD level > 50 nmol/l (20 ng/ml) (11) , whereas the Endocrine Society defined deficiency as a 25OHD level < 50 nmol/l (20 ng/ml), and insufficiency as a 25OHD level of 52.5-72.5 nmol/l (21-29 ng/ml), for both adults and children (12) .
These cutoff values were often based on adult studies in relation to fracture risk, intestinal calcium absorption, or bone mineral density (1, 2, (13) (14) (15) (16) . In addition, metabolic evidence supporting these chosen cutoff levels comes from the observations in adults that serum levels of parathyroid hormone (PTH) increase when serum 25OHD level decreases below a variably defined range of 37.5-75 nmol/l (15-30 ng/ml) (14, (16) (17) (18) (19) (20) (21) . Active vitamin D (calcitriol) facilitates absorption of calcium and phosphorous from the gut. Its deficiency reduces calcium absorption and serum calcium levels, triggering greater PTH synthesis through the calcium-sensing receptor. PTH elevation subsequently increases mineral release from bone and indirectly maximizes gut mineral resorption by increasing calcitriol synthesis. Nutritional rickets develops in low calcium intake states when PTH-induced phosphaturia causes a decrease in serum phosphate (22) .
In children, a few studies have also demonstrated inverse relationships between 25OHD and PTH (23) (24) (25) (26) (27) (28) (29) (30) . However, no clear consensus for defining vitamin D deficiency based on these studies has been reached. Similar to adult studies, the deflection point of serum 25OHD at which the serum PTH level increases should inform the definition of sufficiency and deficiency. Therefore, we aimed to determine the level of serum 25OHD where PTH and other biochemical bone metabolites start to derange in a large pediatric cohort.
RESULTS
The final data set included blood results from 214 children (median (range) age: 9.5 y (0.1-19.2)). Forty-three children had bisphosphonate-naive osteogenesis imperfecta. The remaining population constituted children having blood sampling for a great variety of reasons or conditions. Seventeen patients had radiologically confirmed vitamin D deficiency rickets.
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Articles Median (range) 25OHD level was 31.3 nmol/l (0.5-166.0 nmol/l). The best fitting intersection point of the PTH-25OHD two-phase linear regression occurred at a 25OHD level of 34 nmol/l (R 2 = 0.454; P < 0.001; 95% confidence interval: 27-41 nmol/l; Figure 1 ). The frequency of bone metabolic abnormalities was assessed at both the ends of this 95% confidence interval. Of those children with 25OHD levels < 41 nmol/l, 73.3% had at least one biochemical derangement with 60, 32.5, 19.0, and 17.1% having hyperparathyroidism (PTH > 50 ng/l), high alkaline phosphatase (ALP) (>1,000 U/l), hypophosphatemia (<1.1 mmol/l), or hypocalcemia (<2.2 mmol/l), respectively. These numbers increased to 86.1, 77.2, 40.3, 23.5, and 25.6% for those with a 25OHD level of < 27 nmol/l. There was no specific higher 25OHD level that suppressed PTH to normal value in all subjects.
The interrelationships between PTH, 25OHD, calcium, and phosphate are shown in Figure 1 . Calcium levels < 2.2 mmol/l were associated with low 25OHD and elevated PTH levels (each P < 0.001). Similarly, phosphate levels < 1.1 mmol/l were associated with low calcium (P < 0.001) and high ALP (P = 0.018) and PTH levels (P < 0.001). As expected, 25OHD concentrations < 34 nmol/l were also associated with low calcium (P < 0.001), phosphate (P = 0.004), and high ALP levels (P < 0.001). Relationships among bone metabolic variables in patients with osteogenesis imperfecta were not different from the rest of the cohort, for the same 25OHD range. The PTH-25OHD relationship was similar among different 25OHD assays (data not shown).
All 17 patients with radiologically confirmed vitamin D deficiency rickets had 25OHD levels < 34 nmol/l and 16 of 17 (94.1%) had PTH levels > 50 ng/l. The rickets patient with the highest 25OHD (32.5 nmol/l) had already commenced treatment doses of vitamin D for 2 wk at the time of blood sampling. Similarly, 95.2% of the patients with hypocalcemia, 70.4% with hypophosphatemia, and 69.5% with high ALP had 25OHD levels < 34 nmol/l and PTH levels > 50 ng/l (Figure 2) .
Overall, 47.2% of the children in this hospital-based cohort had 25OHD levels < 34 nmol/l, 52.8% had 25OHD levels < 37.5 nmol/l, and 65.4% had 25OHD levels < 50 nmol/l. The majority of the children had their blood tested during winter (29.9%) and spring (34.6%). During winter and spring combined, 57% of the children had 25OHD levels < 37.5 nmol/l, as compared with 53% during summer and autumn combined. Out of the 17 patients with vitamin D deficiency rickets, 6 were diagnosed in spring, 5 each during winter and summer, and 1 in autumn.
DISCUSSION
This study aimed to identify the serum level of 25OHD below which the derangements of bone metabolism become detectable in the blood stream, in particular, through an increase in serum PTH. A 25OHD concentration of 34 nmol/l (95% Articles Atapattu et al.
confidence interval: 27-41) was determined as the deflection point of the PTH-25OHD regression line. This threshold is similar to the 37.5 nmol/l chosen by the Pediatric Endocrine Society to define vitamin D deficiency (10) . However, 25OHD deflection points in pediatric studies vary (23) (24) (25) (26) (27) (28) (29) , and the relation is sometimes linear rather than deflective (30) . For example, in the largest pediatric study to date (29) , serum PTH started to increase when 25OHD levels decreased <25 nmol/l. Recent large-scale adult studies demonstrate nondeflective PTH-25OHD relationships (31,32) with generally lower PTH levels in children as compared with adults (32). Ideally, the "optimal" 25OHD threshold should separate abnormal bone metabolism from normal bone metabolism. Similar to our study, the majority of published patients with vitamin D deficiency rickets have 25OHD levels < 34 nmol/l (33-36), but nutritional rickets has been reported in children with much greater 25OHD levels (22, 37, 38) . The variability of 25OHD thresholds and guidelines reflects that an influencing factor exists that determines when nutritional rickets occurs and that factor is calcium intake. The main role of vitamin D is to act as a mineral supplier by increasing gut calcium absorption. It is important to recognize that even the most severe hereditary form of vitamin D resistance can be successfully treated with calcium supplementation alone. In low vitamin D states, normal calcium supply therefore protects from the development of hyperparathyroidism (20) and rickets (22) . On 
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Articles the other hand, deficient calcium supply, through poor intake or malabsorption, can lead to rickets even in the presence of perfectly normal 25OHD levels of up to 140 nmol/l (22, (37) (38) (39) . It is well recognized that nutritional rickets has pure calcium deficiency with normal vitamin D on one end of the spectrum and pure vitamin D deficiency with normal calcium intake on the other end (38, 39) . Hence, a threshold for the development of rickets cannot be based on 25OHD levels alone. Since calcium intake and especially absorption are not easily measurable in daily practice, distinguishing calcium deficiency alone from vitamin D deficiency is often unachievable. Given that low calcium intake is widespread, especially in teenagers (40), our cohort probably covers the whole spectrum of nutritional rickets. We recognize that 25.7% of the children in our cohort with 25OHD levels < 37.5 nmol/l had entirely normal bone metabolites, which is similar to other pediatric studies (24, 29) . We speculate that this group may have had normal calcium intake to keep serum PTH within normal limits, as recently described (20, 22) . Vice versa, elevated PTH levels were observed in children with "normal" 25OHD levels in our cohort, probably because of low calcium intake. Calcium deficiency rickets is not confined to children exposed to extreme undernourishment but, in fact, can be readily observed in western countries (38) . Optimizing calcium intake in children and young people may be the more economical public health target rather than aiming for high 25OHD levels.
Setting very high 25OHD targets to prevent rickets and osteomalacia does not only have economic limitations. Vitamin D supplementation in children with 25OHD levels > 37.5 nmol/l does not significantly alter bone metabolism (41), although some effect on PTH is detectable in adults for 25OHD concentrations between 40 and 50 nmol/l (17) . It is worth noting that, while PTH concentrations increase slowly when 25OHD levels decrease from 75 to 25 nmol/l, these PTH levels are still within normal limits in many, but not all the studies (23) (24) (25) (26) (27) (28) (29) (30) . Therefore, decreasing PTH from the high-normal range to the low-normal range represents a debatable health outcome. Although we feel that a 25OHD level of 37.5 nmol/l (as recommended by the Pediatric Endocrine Society) (10) defines well where the skeletal effects of vitamin D reach a plateau, we recognize that proposed extraskeletal effects of vitamin D may potentially require greater 25OHD concentrations. However, we believe that there is currently insufficient evidence of such effects upon which to base a definition of vitamin D deficiency.
To the best of our knowledge, this is one of very few pediatric studies which have assessed the interrelationship between PTH, phosphate, ALP, calcium, and vitamin D levels. The inevitable limitation of our study was its retrospective nature, including the lack of data on dietary intake of calcium and vitamin D, calcium absorption, ethnicity, sunshine exposure, and 25OHD assay variation potentially affecting the PTH-25OHD relationship. In addition, our cohort was hospital based and not a healthy group of children, and we have no information on body mass index that can affect vitamin D levels (42) . Nevertheless, our cohort is of sufficient size, age range, ethnic, and nutritional diversity to be representative of the typical UK childhood population who are encountered presenting to hospital.
We conclude that the vast majority of abnormal bone results typical for nutritional rickets is found at 25OHD levels < 34 nmol/l and PTH levels > 50 ng/l. On the basis of our study results and the current evidence in children, we feel that the Pediatric Endocrine Society definition of vitamin D deficiency (25OHD ≤ 37.5 nmol/l) and insufficiency (25OHD ≤ 50 nmol/l) is justified. However, defining a threshold for the development of nutritional rickets requires inclusion of calcium intake. Since deficient calcium supply often coexists with vitamin D deficiency and both can independently cause nutritional rickets, a threshold for the skeletal effects of vitamin D should not be based purely on 25OHD levels. Given the high prevalence of vitamin D insufficiency and low calcium intake worldwide, important questions remain regarding prevention and supplementation.
METHODS
Blood results from children (age: 0-19 y) who attended outpatient clinics or were admitted as inpatients to Birmingham Children's Hospital between February 2005 and December 2011 were reviewed as part of a registered clinical management audit. Audits do not require approval by ethics committees, and no informed consent is required for such retrospective audits. Only those children who had simultaneous measurements of serum 25OHD and PTH with plasma calcium, phosphate, and ALP were included in this retrospective audit. The list of patients with the relevant blood results was obtained from the clinical chemistry department, and blood test results were extracted from the hospital's laboratory database. Children with chronic renal failure, chronic liver disease, or any condition that might affect the physiological relation between the measured metabolites (e.g., hypo-or hyperparathyroidism, hypophosphatemic rickets, etc), children on bisphosphonate therapy or taking vitamin D or calcium supplements, and any patients with unclear diagnoses or treatment were excluded. Included in this study were children with bisphosphonate-naive osteogenesis imperfecta (types 1, 4), because this collagen disorder does not affect the natural relationship of the bone metabolic variables investigated. Also included were several children with radiologically confirmed vitamin D deficiency rickets, one of whom had started vitamin D supplements at the time of blood sampling. Radiological confirmation of rickets by X-ray was not sought or available in all patients with abnormal bone profile.
Intact PTH was measured using the Immulite 2000 PTH assay (Siemens Healthcare Diagnostics Products, Erlangen, Germany) which is a solid-phase, two-site chemiluminescence enzyme-linked immunosorbent assay. The assay uses two anti-PTH antibodies, a murine monoclonal (PTH 44-48) and a goat polyclonal one (PTH 1-34). Intraassay CVs range from 2.99 to 3.7% and inter-assay CVs from 4.5 to 7.1%. From 2008, the analysis of both 25OHD 2 and 25OHD 3 was performed using liquid chromatography-tandem mass spectrometry, and the total 25OHD concentration (D 2 + D 3 ) was calculated. Intra-assay CVs range between 2.5 and 11% and inter-assay CVs range between 5.8 and 15.5%. Before 2008, the IDS RIA (Immunodiagnostics Systems, Boldon, UK) was used to measure total 25OHD using a cospecific antibody against both 25OHD 2 and 25OHD 3 , (intra-assay CVs: 5.3-6.1%; inter-assay CVs: 7.3-8.2%), except for a 7-month period in which the Nichols Advantage 25(OH)D assay system was used (Nichols Institute Diagnostics, San Clemente, CA) which is based on vitamin D-binding protein recognition and chemiluminescence detection (intra-assay CVs: 2.1-4%; inter-assay CVs: 4.3-19%). Plasma calcium, phosphate, and ALP were measured using routine laboratory methods.
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between all measured biochemical variables were plotted using the same technique. To further delineate the deflection point of the PTH 25OHD curve, a two-phase linear regression was used. Integer 25OHD thresholds from 1 to 50 nmol/l were tested to determine the best fitting (R 2 ) intersection point, and the associated 95% confidence interval was obtained by bootstrapping. The percentage of children with abnormal levels of PTH (>50 ng/l), phosphate (<1.1 mmol/l), ALP (>1,000 U/l), and calcium (<2.2 mmol/l) were determined for different 25OHD cutoff levels. In contrast to PTH and calcium levels, phosphate and especially ALP reference levels vary depending on age and growth. Therefore, cutoff levels were chosen which would be regarded abnormal at virtually all ages. Comparison between groups were made using Mann-Whitney test with P < 0.05 considered significant.
